Abstract -In order to reduce the amount of trace metals such as cadmium in human food, it is useful to predict the trace metal composition of cereal grains from well-chosen topsoil variables. Statistical relationships between soil properties and metal concentration in plant organs have already been studied. However, such studies involved only a few common soil properties such as pH, organic carbon content and cation exchange capacity. Here, we compared metal contents in grain and in topsoil samples. 198 samples of grains of winter wheat were collected from paired topsoil and crop surveys in the northern half of France. The soils belong to 18 contrasting pedogeological families. Grain and topsoil samples were analysed for Cd, Cr, Cu, Ni, Pb, Zn, Fe, Mg and Mn. For soil samples, three pools of metal were determined: total concentration by HF digestion, and two available pools by partial extraction using either diethylenetriamine pentaacetic acid (DTPA) or NH 4 NO 3 . Canonical correlation analysis including multiple linear regression was used to study relationships between soil and grain data. Our findings show the occurrence of six significant and independent relations between the topsoil variables and the grain variables. The adjustment quality of those relations is measured by six coefficients equivalent to individual determination coefficients. The maximum coefficient of 0.79 is higher than any individual ones. Our findings show in particular an excellent regression model for grain Cd with a small number of topsoil variables, thus allowing an accurate prediction for winter wheat grains. Practically, farmers can use the prediction model to increase soil pH and by growing a less metal-accumulating cultivar upon detection of a threat. The strengths of our study are the following: (1) we studied a very large number of sites, including soils with very diverse parent materials, soil-forming processes and geochemical properties; (2) we measured and tested a large number of variables, including in particular available metal fractions; and (3) we applied unusual statistical methods such as canonical correlation analysis.
INTRODUCTION
The prediction of trace-metal contents of wheat grains only from analytical data on the soil where the wheat is grown is all but impossible. All specialists agree that the total traceelement concentrations in a soil rarely permit prediction of the contents of the same elements in part of a plant cultivated on this soil. For this reason, many authors have investigated sequential-extraction or partial-extraction methods as a basis for empirical models that can predict the contents of specific trace elements in part of a harvested plant. However, the direct relation between the same elements in wheat grains and in soil is perhaps not the best way to predict trace-metal contents. As it seems clear that topsoil cannot be reduced to a single element, even if this element is an essential one, it could be more * Corresponding author: Denis.Baize@orleans.inra.fr interesting to consider a global relation between topsoil and wheat grains and to study it before anything else. After analysis of this relation it would, perhaps, be possible to obtain a better prediction of the contents of wheat grain, or content of a specific element of more particular interest, perhaps due to the role that it plays from the point of view of the public health. The fundamental reason for this approach lies in the fact that a relation between similar elements can be disturbed by the presence of other elements: to study a global relation is more realistic than to study all the relations two by two.
This general remark is consolidated by reasons more purely analytical: even when element concentrations extracted by socalled "selective" reagents are available, it remains difficult to pass directly from analytical data obtained on dry and sieved surface-horizon soil samples, to analytical values for plant parts such as wheat grains (e.g. Symeonides and McRae, 1977; Sauerbeck and Styperek, 1985) . There are many reasons for this. One is that the absorption of elements takes place at the roots, each plant species having its own strategy for the capture, transfer and storage of absorbed elements into other organs, such as stems, leaves and grains. In certain cases, the uptake of Cd or Zn by wheat plants can be significant, without this clearly showing in the grains. In any case, wheat is not a plant that accumulates many trace elements in its reproductive organs (Grant et al., 1999; Tremel-Schaub and Feix, 2005) .
The present article gives the results obtained as part of two research programmes: QUASAR (QUAlité des Sols Agricoles et des Récoltes - Baize et al., 2003) and GESSOL -La Châtre (Baize and Tomassone, 2003b) . In both cases, we worked on the composition of soft-wheat grains (Triticum aestivum), a food product of major importance in the human diet that is also of primary economic importance for France. Both studies dealt almost exclusively with "ordinary" agricultural soils, not polluted with metals, that had been subject to only slight, diffuse contamination.
The two objectives were, first, to see whether there is a statistical link between a set of analytical data determined on soil samples and the trace-metal composition of grains; and, second, to establish an estimation of threat to health concerning, more specifically, cadmium because of the dangers it represents. To this end, we looked for statistical models using analytical data as explicative variables of the surface horizon where the wheat was grown. However, such a search is faced with theoretical difficulties (see box). Two more obstacles should be mentioned. First, analytical uncertainty affects all analyses, in particular the relatively delicate ones done on wheat grains. Second, our dataset comprises grain samples harvested in different regions and over four years (Tab. I), whereas it is known that the climatic conditions affecting a cereal population can have an impact on absorption and yield processes, and thus on the mineral content of wheat grains (Oliver et al., 1993) .
Theoretical issues of a statistical approach
* The processes taking place in the field, during the entire vegetation period of 8 to 9 months, at the interface between roots, micro-organisms, solid phases and soil solutions, are not well described by laboratory analyses on dried and sieved soil samples that were collected a few days before the harvest; * The role of the other, deeper, soil layers is completely ignored (Van Lune & Zwart, 1997) ; * The physiological processes of redistribution of the elements absorbed by roots towards other parts of the plant during its growth are not taken into account; the same is true for the synergies and antagonisms intervening on the scale of plant cells; * The competition between individual plants in the plant cover is omitted; * Finally, the input from atmospheric fallout, which is another direct way of providing trace elements, is also neglected (e.g. Hovmand et al., 1983) .
Notwithstanding these difficulties, much research has followed this approach as it is very simple to implement. Among the many works including or concerning wheat, the following can be cited: Sauerbeck and Styperek (1985) , Prüess (1997) , Garrett et al. (1998) , Oliver et al. (1999) , Norvell et al. (2000) , Chaudri et al. (2001) , Sappin-Didier et al., (2001) , Hough et al. (2003) , Adams et al. (2004) , Meers et al. (2005) .
Our approach contains the following original elements, in that we have at the same time:
-Operated on a large number of sites (n = 198) with highly varied soils (parent materials, types of pedogenesis, constituents and functioning; see Tab. I); -Determined a large number of soil variables (n = 25) and not only the few usual variables such as organic carbon, pH or cation exchange capacity (CEC); -Applied statistical methods to this dataset that are rarely employed but well suited to agronomical objectives, such as the analysis of canonical correlations.
From the start, this work was not intended as a single experiment, but rather as the result of combining analyses carried out for two distinct programmes. However, the dataset contained a sufficient number of common features for it to be treated as a whole so as to provide useful information; this was achieved through: (i) identical sampling strategies; (ii) determination of the same variables; and (iii) analytical work done in the same two laboratories, using the same analytical methods.
Moreover, the studied soils show strongly varying properties and it would have been a pity not to work on this corpus of data, even though it may not be entirely satisfactory from a statistical viewpoint. Of course, the data do not come from an experimental design but are representative of the greatest number of situations met in practice. Rieuwerts et al. (1988) 
MATERIALS AND METHODS

Sampling strategy
Several "pedogeological families" (PGF) were selected so as to study sufficiently contrasting soil types. A pedogeological family is composed of some soil series that developed over the same parent material and were subjected to the same pedogenesis, i.e. the same processes of metal concentration or redistribution in the soil profile. Each pedogeological family was sampled in 8 to 15 sampling sites located in separate fields that were selected on the basis of three criteria: (i) they belonged to the required family; (ii) a soft winter wheat crop was present; and (iii) the wheat varieties were 'Trémie' or 'Soissons', the most common French ones during the study period. The eighteen families studied are briefly presented in Table I . Mature wheat ears were collected just prior to harvesting in July, in a square of 1 m 2 per parcel. Exactly in the same square, 2 kg samples of ploughed surface horizon (0-25 cm) were taken with a spade, i.e. each sample is only representative of this square and not of the whole field.
Location of sites -Pedogeochemical families
Our study involved the combination of three distinct datasets that were obtained according to exactly the same operating methods for sampling and analysis, during three studies carried out in different French regions:
-The 'QUASAR-1998' study, n = 106, concerned soils developed over various types of sedimentary deposits and rocks (Quaternary wind-borne silty materials, river terraces, and rocks of marine origin such as chalk and hard Jurassic limestone), located in different regions such as Centre, Burgundy, Picardy, Champagne and Charentes ( Fig. 1) (Baize et al., 2003; Mench et al., 2001; Sappin-Didier et al., 2001 ). -The 'Limousin' study, n = 36, concerned soils derived from various metamorphic rocks or diorites. Among these, twelve sites received sewage sludge in the past that was particularly rich in cadmium of industrial origin (Courbe et al., 2002 ). -The 'GESSOL -La Châtre' study, n = 56, was located in the south of the Centre region, where marine Triassic and Liassic deposits of the Paris Basin are in contact with metamorphic rocks of the north edge of the French Massif Central (Baize and Tomassone, 2003a, b) . In the specific case of the "Micaschist" pedogeological family, five sites were voluntarily sampled near a geochemical anomaly known for its high Pb, Zn, Cu and As concentrations in bedrocks and soils.
In all, 198 sites of agricultural soil were sampled, 186 of which were not polluted with anthropogenic metals, belonging to 18 contrasting pedogeological families.
Analyses performed
Analyses on topsoil samples
All topsoil analyses were performed on air-dried fine earth (<2 mm) by the INRA soil analysis laboratory in Arras, France. The following parameters were determined:
The usual agro-pedological properties such as particle-size distribution (five fractions -pipette method -NF X 31-107), organic carbon (NF ISO 10694), pH in water (NF ISO 10390), total CaCO 3 (NF ISO 10693) and cation exchange capacity (Metson method). Total concentrations of two major elements (Fe and Mn) and six trace metals (Cd, Cr, Cu, Ni, Pb and Zn) were obtained after digestion by hydrofluoric and perchloric acid HF + HClO 4 (ISO 14869-1) and analysis by inductivelycoupled plasma atomic emission spectrometry (ICP-AES) or inductively-coupled plasma mass spectrometry (ICP-MS), depending on the element. In addition, partial extractions were performed using two reagents carefully chosen after a review of relevant literature: * The Lindsay and Norvell (1978) DTPA has less extraction capacity than EDTA, but a stronger one than saline solutions, and is best adapted for neutral and alkaline pH values. As both an acid and an organic complexant, DTPA dissolves exchangeable elements and those mostly complexed by organic matter, as well as those fixed on or included in Fe, Mn and Al hydroxides that would themselves be dissolved by the reagent (Lebourg et al., 1998) . * Extraction by the neutral salt ammonium nitrate (NH 4 NO 3 ) 1 mol.L −1 (DIN, 1995). Cd, Cu, Pb and Zn were assayed by ICP-MS in the extraction solutions. Prüess (1997) showed that the extraction of many trace metals in soil with this solution could be significantly correlated with contents of the same metals in various plants. Several studies have tested this reagent, such as Lebourg et al. (1998) and Sterckeman et al. (2001) .
The 25 analytical variables measured on soil samples in the text hereafter are designated as [topsoil variables].
Analyses on wheat grains
Wheat ears were oven-dried at 50˚C then threshed, special attention being paid to limiting any contamination. The grains were analysed by the USRAVE -INRA laboratory in Bordeaux. They were washed three times with bi-permuted water and then milled to 200 μm using a titanium-surfaced grinder. This flour was digested by HNO 3 and H 2 O 2 . Traceelement contents were determined by ICP-AES or graphitefurnace atomic absorption spectrometry (GFAAS). The 198 wheat samples were analysed at different times, in five distinct batches. For each batch of wheat grains an internal laboratory standard was analysed as quality control. This standard was verified against a plant sample, CRM 189, from the Bureau Communautaire de Référence (BCR) (wholemeal flour) and then CRM 281 from the Institute for Reference Materials and Measurements (IRMM).
All metal concentrations are expressed as mg kg −1 DM (dry matter), except for Mg content, that is expressed as g kg −1 . Hereafter, concentrations determined in wheat-grain samples will be designated as [grain variables].
It should be noted that Mg and Mn contents were not determined for the 36 samples of the Limousin study. For that reason, we either worked on a population of 198 sites with only 7 grain variables, or on a population of 162 sites with 9 grain variables. In fact, we shall present the results for the 162 sites, and we shall note that for the 198 sites they are identical to a few decimal points.
Coding of variables -Units
Table II presents both the codification of the variables and the units used.
Statistical data analysis
The variable NH 4 NO 3 -extracted Pb (PbN) turned out to be unusable (see below Sect. 3.1). So, the information from all 162 (or 198) sites is contained in two groups of variables: 24 of them characterise the topsoil and 9 (or 7) others characterise the wheat grains. These two groups were called X ([topsoil variables] or topsoil) and Y ([grain variables] or wheat grains). Our problem thus consisted of studying the relations between X and Y and, if possible, in predicting Y from X. Before any in-depth statistical analysis and as is usual in any statistical analysis, we examined the 33 univariate distributions to detect any anomalies. And, as is common in such studies, it was seen that logarithmic transformations give rise to more symmetrical distributions, which means that the statistical analysis is supported by better assumptions on data. See Figure 2 where distributions of transformed variables appear to be the best compromise to achieve these assumptions.
According to the two successive approaches (study of the global relations, then prediction of specific elements), the analysis can then be tackled in two steps:
(1) First, the study linked all relations between X and Y, using the rather unusual approach of canonical correlation analysis (Hotelling, 1936; Gittins, 1980; Bellanger et al., 2006) . (2) Secondly, because of lack of space and unequal interest of the 9 Y variables, the study was limited to the relation of one of the Y variables as a function of X, using the more standard approach of multiple linear regression. Of course, in this case, classical tools such as stepwise selection of variables have to be used to obtain more stable results (Tomassone et al., 1992; Venables and Ripley, 1997) .
We discuss canonical correlation analysis first, since multiple linear regression may be seen as a special case.
Canonical correlation analysis
The relation between X and Y can be studied through careful examination of the correlation coefficients between the groups (R XY , of which there are 24 [X] × 9 [Y] = 216) by taking into account the internal coefficients of both groups (R XX and R YY ), but in that case there are (24+9) × (24+9-1)/2 = 528, the total number of correlation coefficients. This would be a Herculean task that rarely bears fruit. Canonical correlation analysis consists of searching for the most strongly correlated linear combinations of each group of variables X and Y; we call them, respectively, u 1 and v 1 , and their correlation coefficient, called the canonical correlation coefficient, is r 1 = correlation{u 1 ,v 1 }. Note that if Y would be limited to a single variable (such as cadmium in the grains: CdW) we would be exactly in the situation of a multiple linear regression, and the square of r 1 would be the classic coefficient of determination, R 2 . Moreover, this value is larger than the greatest of the nine coefficients of determination of the 9 Y variables. The main difficulty lies in the interpretation of the {u 1 ,v 1 } couple, quantities that are, respectively, called the first canonical variables of X and Y; as usual, this is done for linear combinations in terms of the correlations that exist between u 1 and {X,Y} and . Estimated density distributions for grain log(variables); these curves are more useful than classical histograms, n = 162. v 1 and {X,Y}, generally using graphs such as correlation circles.
However, this couple is one of eight others for a total of nine (generally the smallest number of X or Y variables). Each couple is associated with a canonical correlation coefficient, r 1 , r 2 , . . . , r 9 . It is possible to determine if these coefficients are significant, i.e. statistically different from 0, which gives a dimension, k, of the representation of the relation between X and Y. As, in addition, these couples do not correlate in pairs, we need only k separate graphs {u 1 ,v 1 }, . . . ,{u k ,v k } to represent a summary of the relation between X and Y. Of course, these canonical variables are only linear combinations of measured variables and have interesting statistical properties, but as such do not necessarily have an agronomic meaning. However, a specific Y canonical variable, such as v 1 , translates a joint relation of wheat grain variables to a specific topsoil variable defined by u 1 .
Multiple regression models
More classically, we could have carried out nine regression models for each of the Y components in terms of X. However, even if this approach is a better known one, the interpretation of the multiple regression equation is strictly identical to that of u 1 . Of course, some refinements are more usual for regression, such as the selection of sub-sets of X variables as acceptable models. However, the relation between the two analyses allows us to know, via the canonical correlation analysis, the maximum limits of the R 2 of the Y variables because of their relation with {u 1 , . . . , u k }.
All statistical processing was completed by resampling techniques (such as jackknife and bootstrap) that help in overcoming certain (but not all) constraints inherent in the standard methods. They are result-validation tools that use quite heavy calculation means (e.g. Venables and Ripley, 1997) . It is difficult, and undoubtedly useless, to present here the corresponding results but we may say that they confirm the results provided by the traditional approaches.
RESULTS AND DISCUSSION
Topsoil analyses
Usual soil properties and total concentrations
Because of the great variety of parent materials, the studied soils show a great diversity of properties (Tab. III). For the main agropedological characteristics and the total metal concentrations, wide ranges are effectively noted: pH in water, 5.1 to 8.5; clay content, 7.2 to 59.3%; total calcium carbonate, 0 to 84.1%; total soil Mn, 119 to 7538 mg kg −1 ; total soil Cd, 0.07 to 2.54 mg kg −1 ; and total soil Zn, 15 to 515 mg kg −1 . Certain pedogeological families with a natural tendency to acidity show great pH variations from one plot to the next, as a result of the cumulated effects of fertilisation and amendment (e.g. A, D, E, g, T and X). Based on statistical studies carried out on a national scale (Baize et al., 1999) , several slight geochemical cadmium anomalies clearly appear (families C, D, H, J, K and M, asterisked in Tab. III).
Notwithstanding careful selection and field verifications, certain sampled families show major geochemical variations from one site to the next, i.e. between sites that may be several hundreds of metres or a few kilometres apart. The pedogeological family "M", for instance, can be clearly subdivided into two subfamilies. Five samples show very high Cd, Pb, Zn and Mn concentrations, whereas the six others have usual values for clay material. This is commonly caused by deep-seated mineralisation that has affected the parent material, which is the case, for example, of some samples belonging to the family "X" that show high natural levels of Cu, Pb and Zn Tab. III). The distributions of these variables are visible in Figure 2a .
Partial extraction
The metals extracted by DTPA could be assayed in all samples, but this was not the case for those extracted with ammonium nitrate (Tab. IV). For instance, only 43 of the 198 samples contained NH 4 NO 3 -extracted Pb above the quantification threshold. All these 43 samples have a pH <6.5 and almost all a pH <6.2. Therefore, this variable could not be used for the statistical calculations.
Wheat-grain analyses
Metal concentrations in wheat-grain samples show large variations (Tab. V). The distributions of these variables are presented in Figure 2b . For example, Cd in grains ranges between 0.015 and 0.218 mg kg −1 DM (DM: dry matter (CSHPF, 1996) Tab. VI) for wheat intended for human consumption. Among the 198 Cd concentrations measured, only 12 exceed the value recommended by the CSHPF. All correspond to topsoil pH values below 6.5; 9 are part of the 'Limousin' dataset and received sewage sludge loaded with cadmium of industrial origin. Even so, all these 12 values remain below the European maximum value.
For lead, the laboratory found numerous Pb concentrations to be below the quantification threshold, i.e. <0.20 mg kg −1 DM. In order to conserve this important variable for our study, we obtained the "raw" laboratory results. All undetectable or negative values were replaced by a random value between +0 and the quantification-threshold value (uniform distribution) in order to be able to calculate the logarithms. The usual practice to set to half the detection limit has no statistical support; in fact, this choice has no practical consequences on the results. 
Linear correlation between topsoil properties and grain composition
Even if we noted that a precise analysis of the 528 correlation coefficients has no great interest, it may be useful to take a look at specific cases: -Correlation coefficients describing the relation with pH, a fundamental and commonly latent variable to understand many other relations. For topsoil, pH is strongly correlated with positive coefficients to clay content, CaCO 3 and NH 4 NO 3 -extracted Cu, and with negative ones to NH 4 NO 3 -extracted Cd and Zn, which is a commonly observed feature (e.g. Rieuwerts et al., 1998; Sterckeman et al., 2001 ). This indicates that pH is redundant with these variables and cannot be used simultaneously as a predictor. For wheat grains, only Mn concentration is strongly correlated with topsoil pH. -Correlation coefficients between the different expression of the same element (Cd, Cu and Zn): the correlations are not very strong and a metal content in grains is not related to the total concentration of the same metal in the topsoil. The absence of a correlation between Cd in topsoil and Cd in wheat grains, see further Figure 7 , is explained by the fact that soil with a very high Cd content shows modest values in the wheat ears. This is the case of the five soils belonging to the family 'M' with a very high pH (>8.2) and characterised by abundant manganese (total Mn >2300 mg kg −1 ).
Canonical correlation analysis
Study of the canonical correlation coefficients (Tab. VII) shows that the first six are highly significant, i.e. the probability that they are null is less than 0.001, which means that one can represent six significant and independent linear relations between the soil characteristics and the wheat grains. The squares of the first two are 0.793 and 0.695. It can be said that 79.3% of the information of a variable related to grain variables (v 1 ) depends upon a variable related to soil variables (u 1 ), and that 69.5% of another variable that is independent of the first one and related to grain variables (v 2 ) is also related to soil variables (u 2 ), itself independent of u 1 . The graph in Figure 3 illustrates the first relation (u 1 v 1 ). We now know that there is a complex relation between [topsoil variables] and [grain variables] that can be decomposed into six linear relations, where the important part is to give a sense to each of them. This can be done with the help of graphs presented as correlation circles; the point coordinates are the correlation coefficients of the variable with the axis; the proximity of a Table I , n = 162. The line is useful if one wants to predict v 1 by u 1 , the regression coefficient is r 1 = 0.89, the first canonical correlation coefficient. variable with the circle indicates a fairly strong relation with the corresponding canonical variables. Figure 4 : For the first two canonical variables of [topsoil variable] (left), a variable close to the circle of radius 1 like pH is well represented by u 1 and u 2 ; it plays almost the same role as CdN and ZnN, that are diametrically opposed and also close to the correlation circle, and of which we know that they are inversely proportional. It is the type of axis that follows the diagonal of this plane and which represents acidity with high pH on the lower left and low pH on the upper right. However, fine sand (FSa) and coarse sand (CSa) are only related to u 1 and play an opposite role to that of clay (CL), fine silt (FSi) and coarse silt (CSi); this is a grainsize axis that opposes topsoils with dominant fine particles and those with sandy textures. These two factors are not independent. To the right, only ZnW and MgW are strongly related to v 1 , CdW to v 2 and MnW to both. Table VIII. Percentage of determination coefficient (R 2 ) contained in each topsoil canonical variate. The last column shows the R 2 value for each grain variable. These values may be interpreted in the following manner: for Cd concentration in grains (CdW) the maximum attainable value is 0.588, the first canonical variable explains 5.2 × 0.588/100 = 0.11, the second 46.0 × 0.588/100 = 0.27, and so on. -Grain Cd is positively related to u2 because it is close to the upper edge of the circle; -Grain Mn is related in an equal way to u1 and u2 because it is close to the positive diagonal of the circle.
The results are coherent with Figure 3 . The soils such as those of pedogeological families 'X', 'g' and 'T' are rather acid; but the families 'J', 'K' and 'F' are alkaline soils (pH >8) and those from families 'B' and 'E' are neutral. The soils with high values for grain Mg and grain Zn are located in the upper part of the graph {u1,v1} as acid soils because the values of these two variables are high and thus pH is low. As the variables u 1 to u 9 contain all useful information for explaining the linear relations between [grain variables] and [topsoil variables], we easily obtain the maximum values of the coefficients of determination of each wheat grain variable (Tab. VIII -last column).
We even know which of the canonical variables are responsible for these values: for Zn concentration in grains (CdW) 90% of the value of R 2 = 0.732 is due to u 1 and this is the best linear relation for wheat grains, whereas for CdW the relation is more complex (three independent components, u 2 , u 3 and u 4 for 46.0%, 14.2% and 30.5%). Cr, Fe and Pb in grains (respectively, 0.338, 0.377 and 0.404) could not be correctly explained by simple, i.e. linear, models. That for Cu and Ni in grains (respectively, 0.484 and 0.504) would provide only poor models. Cd, Mg, Mn and Zn concentrations in grains (respectively, 0.588, 0.672, 0.695 and 0.732), however, would be much better explained by work in molecular biology showing that Cd, Zn, Mn and Mg use similar membranous carriers.
It is also quite clear that the last three components are nonsignificant, i.e. without interest for explaining a possible relation (Tab. VIII). All computations were carried out on classical software, even though now some more specialised programs are available (Gonzalez et al., 2008) .
Modelling Cd concentrations in wheat grains
As some variables, such as Cd concentrations in wheat grains (CdW), are of greater interest we may see how the canonical correlation analysis is supplemented by some more classical models. With the previous elements, we know that with all the variables (i.e. for 162 sites) we cannot have a model for CdW with a R 2 > 0.588. However, this value is only obtained with all topsoil variables, even if we know that 90.7% (= 46.0 + 14.2 + 30.5) is provided by the three variables u 2 , u 3 and u 4 , or a R 2 = 0.533. The [topsoil variables] thus can be revisited (but we know the attainable maximum R 2 ) in selecting a plausible sub-model using a stepwise approach. It is what we have done (where s R is the residual standard deviation of the model): In fact, grain Mg and grain Mn were only measured at the 162 sites and of course integrated in canonical correlation analysis, but these two variables are not available at the 36 other sites and regression models for them are possible using only the 162 sites. Moreover, to predict the 7 other wheat grain variables, the 198 sites could be used, but with a slightly different canonical correlation analysis, computed with only 7 grain variables. For grain Cd (CdW), the results (Tab. IX) are identical to a few decimal points. Table IX presents the different elements that help in explaining better this third model which gives R 2 = 0.594, a little higher than the two preceding ones, and a residual standard deviation of the same order at 0.35. This means that the model for the 162 sites is suitable for the 36 Limousin sites. The most significant variables for explaining cadmium in wheat grains (CdW) are NH 4 NO 3 -extracted Cd, DTPA-extracted Cd and total manganese in topsoils, and to a lesser degree, fine sand and coarse sand, and finally DTPA-extracted Zn and CaCO 3 . Only 16 CdW values are poorly "predicted" by this model for the 198 sites. The poor adjustment of 11 of these is explained by the context, i.e. by specific values of certain variables. Five remain "irreducible", unexplained. Of course, a better (and more realistic) validation will be possible with values for new sites. However, as said above, an "internal" validation by the 'jackknife' method did not find influential observations; and it is clear that the model was not influenced by a limited number of sites. Figure 6 provides an image of the adjustment quality; the relation does not show particularly outlier sites, as an analysis of influential sites through the use of standard statistics showed nothing; but this was already acquired by the results of canonical correlation analysis as illustrated in Figure 3 . It can be seen that the sites of each pedogeological family are quite well grouped, with the exception of families A, C and T. At this point, we may note that the categorical variable "PGF" has no great interest when used in models: when we tried to use it in a model its effect was less precise than that of the X [topsoil variables] . This means that, in our study, X [topsoil variables] contain more useful information than the membership to a pedogeological family. It would have been interesting a priori to look at potentially interesting regressors to explain and to predict Cd content in wheat grains; Figure 7 is an illustration of the difficulty and even impossibility of finding the best regressors, here total Cd in topsoils (CdS), pH, DTPA-extracted Cd (CdD) and NH 4 NO 3 -extracted Cd (CdN), by using only relations with one variable. Graph of CdW versus potentially-interesting regressors: soil total Cd (CdS), soil pH, soil DTPA-extracted Cd (CdD) and soil NH 4 NO 3 -extracted Cd (CdN); r is the simple correlation coefficient. There is some difficulty finding an interesting association to obtain the best prediction that only canonical correlation analysis, including regression, is able to furnish. Letters are codes for pedogeological familiessee Table I .
Discussion on predicting Cd content in wheat grains
Preliminary stratification by pedogeological families does not increase the model efficiency. The probable reason for this is that these families are categories that are too coarse as they take into account neither local pedogeochemical variations, nor the effects of local agricultural practice such as the adding of nitrogen fertilisers (e.g. Mitchell et al., 2000) , of KCl (e.g. Sappin-Didier et al., 2001) or of basic calcic amendments, the last having a strong effect on the pH on a plot scale. In short, the variables directly measured on each sample are more efficient, if used conjointly, for the prediction of Cd in grains than a stratification that was done beforehand.
Initially we started out on a search for purely statistical empirical models calculated from 24 soil variables. This work has resulted in equations with a great biogeochemical coherence, especially for cadmium, because of both the most significant regressors and the arithmetic signs that affect them. Even if statistical models have no intrinsic reasons to obtain a physical coherence, and when it does occur it is largely coincidental, we can assume that with a thoughtful choice of variables reflecting quite distinct characteristics it may be easier to reach this coherence.
-Total manganese in topsoil (MnS) is negatively correlated with Cd concentration in grain (CdW). Manganese oxyhydroxides form almost all of total manganese; they are known to play a major role in the general retention of metals, and of Cd in particular (e.g. Anderson and Christensen, 1988; Zasoski and Burau, 1988; McKenzie, 1989; Alloway, 1995; Backes et al., 1995) . -The NH 4 NO 3 -extracted Cd (CdN) is also positively correlated with CdW. These chemical species are exchangeable, and thus easily available for supplying soil solutions during plant growth (e.g. Symeonides and McRae, 1977; Prüess, 1997; Lebourg et al., 1996) . -The cadmium extracted by DTPA (CdD) is positively correlated with grain Cd. The former is reputedly linked to organic matter, iron oxides, manganese oxides and calcium carbonate, all being phases that are easily soluble by a rather weak acid: such forms of Cd can quite easily pass into soil solutions. -DTPA-extracted Zn (ZnD) is negatively correlated with CdW. This probably shows the effect of the well-known antagonism between Zn and Cd (Christensen and Tjell, 1991; Oliver et al., 1994 Oliver et al., , 1997 Jiao et al., 2004; Kirkham, 2006) . -CaCO 3 is negatively correlated with grain Cd. It is known (Alloway, 1995) that active calcium carbonate in soil can fix cadmium, thus reducing its bioavailability. The presence of carbonates in soils directly affects the mobility and reactivity of cadmium through surface interaction, and indirectly through their effect on soil pH (McBride, 1980) .
On the other hand, it is not easy to see the direct significance of the "coarse sand" (CSa) and "fine sand" (FSa) variables; in fact, if we return to the original variables it is the ratio coarse sand / fine sand that has a positive effect, but this does not provide much additional information. It is difficult to say if the ratio of these two sand fractions represents one or more latent variables. Soil pH seems to be the most notable absentee of the model. This parameter is, however, universally considered as an essential factor for the phyto-availability of cadmium, which increases rapidly with decreasing pH (e.g. Anderson and Christensen, 1988; Christensen and Tjell, 1991; Halen, 1993; Kirkham, 2006) . It is one of the major variables of the grain Cd prediction model when independently processing the 'La Châtre' dataset (Baize and Tomassone, 2003a, b) . In fact, pH correlates with several other variables (in particular with NH 4 NO 3 -extracted Cd (CdN)). As a consequence, it does not formally appear in the models but acts as a latent variable. We could have introduced pH with or instead of CdN in the model, but this would not be the best choice: in the first case, the significant effects of these variables would disappear (and the model would be more unstable due to this collinearity effect); in the second case, the fitting and standard error for prediction would be worse. Note that correlation coefficients between Cd concentration in grain and, respectively, pH and CdN are -0.25 and 0.57; the second is already much higher, see Figure 7 .
Iron is also absent from the model, though it is generally assumed that Fe oxides/hydroxides are more important than Mn oxides for metal adsorption. A probable explanation is that the total manganese content of a soil sample (MnS) roughly corresponds to all present Mn oxides, all of which being potentially active in the retention of cadmium, whereas total iron (FeS) includes a variable quantity (depending upon the soil type) of constituent iron in the silicate crystalline lattices that plays no role in the retention of trace metals.
For all the reasons previously listed (see box), it would not have been surprising not to find any relations between the variables measured on surface-horizon soil samples, dried and sieved to 2 mm, and the mineral composition of the plant organ "wheat grain".
And yet, canonical correlation analysis shows a very strong link between the [set of 24 soil variables] that defines the "soil supply" and the [set of 9 wheat variables]. In addition, it seems possible to predict correctly the risk of Cd absorption from the soil and its accumulation in wheat grains with a predictive model using seven analytical variables measured on topsoil samples.
The model that gives the best results for predicting Cd concentrations in grains (CdW) considers the total manganese content in soil (MnS), the cadmium and zinc extracted with DTPA (CdD and ZnD), the cadmium extracted with ammonium nitrate (CdN), the calcium carbonate content, and the two grainsize fractions FSa (fine sand) and CSa (coarse sand).
The fact that our empirical and very classic method has yielded such precise results is undoubtedly due to a judicious choice of the measured variables, e.g. total Mn in topsoils and the two reagents used for partial extraction, DTPA and ammonium nitrate.
These relations have hardly been disturbed by a "cultivar" effect, which is known to be strong as far as cadmium is concerned in wheat grains (Baize et al., 2003) . The wheat of the 198 sites belongs to only two varieties, 'Trémie' and 'Soissons', both of which are among the most cadmiumaccumulating French varieties (Vinkel, 2001) .
Cd assessment in grains using total soil Mn and the amounts of Cd or Zn selectively extracted by two reagents therefore can be said to be meaningful from a pedogeochemical point of view. Mn oxyhydroxides are known to play a major role in the retention of trace metals while NH 4 NO 3 -extracted Cd is supposed to be exchangeable, whereas DTPA-extracted Cd or Zn are supposed to be bound to organic matter and iron oxides.
These results therefore confirm the importance of manganese oxides for the understanding of Cd-and Zn-retention phenomena in soil or, conversely, for that of the absorption of these metals by plants via their root systems.
It seems that, thanks to the determination of certain carefully-selected topsoil variables, it is possible to estimate with acceptable reliability the potential danger constituted by the production of bread-wheat grain with a high Cd content. It is equally possible to evaluate the probability that a predetermined national or European threshold value will be exceeded.
For this, only six analytical determinations (seven if pH is included) have to be made on topsoil samples: particle-size analysis (5 fractions), total Mn content, total calcium carbonate, Cd and Zn extracted by DTPA, and Cd extracted by ammonium nitrate. These analyses are relatively inexpensive and easy to carry out in large series.
Such predictive models can constitute a practical tool for an a priori estimation of the danger that Cd will be absorbed by the roots of the wheat plants before being transferred to the wheat ears. This will help in reducing costs by avoiding the quite delicate analyses on wheat grains.
Finally, another question also requires an answer. Are the results obtained on "ordinary" agricultural soil also usable for agricultural soil near towns or industrial sites that can be variably polluted? The first elements of an answer are provided by the dozen 'Limousin' sites, which are clearly contaminated by cadmium of industrial origin via sewage-sludge applications, and whose high Cd contents in wheat grains are correctly predicted by the model. More precisely, these soils were deleted from the original sample of 198 sites; and a new model was designed in which the 'Limousin' sites were correctly fitted. The "soil" variables selected by statistical calculations therefore have a general agronomical and pedological significance, which renders them sensitive to speciation changes induced by man-made inputs. If on new sites the new values of X and Y give the u k and v k values and if these values are aligned on the limits of the lines v k = r k u k , an extrapolation might be considered; Figure 3 for u 1 and v 1 and the equivalent ones with the eight others v k = r k u k give an exact illustration of what can be done.
CONCLUSION
Working on a large dataset of 198 sites with diverse soil types and using canonical correlation analysis, we demonstrated that strong numerical links exist between [24 topsoil variables] and [7 grain variables] for winter wheat. Such a fact had never been shown so clearly before, and that despite theoretical difficulties. In addition, a regression model was found for Cd content in grains. Indeed, grain Cd is positively correlated with soil DTPA-extracted Cd and NH 4 NO 3 -extracted Cd and is negatively correlated with soil CaCO 3 content, total Mn content and DTPA-extracted Zn. This regression model could thus allow an accurate prediction of Cd for winter wheat grains, avoiding resorting to delicate and costly grain analyses.
